To improve the maneuverability, stability, and reliability of the steer-by-wire system, a two-way H 1 control method with a fault-tolerant module is proposed in this paper. First, a two-way H 1 control scheme is proposed. Two controllers are designed in this scheme: one is used as a feedback controller as a general practice to stabilize the system and detect the tracking error; the other is used as a feed forward controller to make the output of the system follow the driver's steering intention rapidly and precisely. Second, a fault-tolerant module aiming at front wheel angle sensor which is an important feedback signal to the system is added to improve the reliability of the system. A revised Kalman filter is applied in the fault-tolerant module to reconfigure the front wheel angle as a reference value and a substitute when the sensor fails, thus replacing hardware redundancy by software redundancy in a cost-effective way. Lastly, simulations by Matlab/Simulink and CarSim software and hardware-in-the-loop experiments are conducted and effectiveness of the proposed control method is demonstrated by simulation and experimental results and numerical analyses.
Introduction
The steer-by-wire (SBW) system is a new steering system developed following the electrical power steering system. Different from the traditional steering system, the SBW system eliminates the mechanical joints from steering wheel to the front wheels, and replaces them with two motors and an electric control unit to generate the feedback torque and steering torque respectively. 1, 2 Without the mechanical constrains, the transmission ratio of the steering system can be designed to vary with the driving condition, by which means the maneuverability is improved.
A variety of researches on the SBW system have been carried out from two aspects, namely the road feeling control and steering stability control.
Without the mechanical connection from steering wheel to the road, drivers will not feel the road condition directly. The road feeling control 3 is to feed back the road condition to the driver and it is actually to control the reaction torque that the steering wheel actuator generates. 4 Some researchers consider the reaction torque only on the steering wheel angle, 5 and on the foundation of their studying other researchers redesigned the road feeling by taking some new factors involved in driving state into consideration. 6 All these researches are to make drivers more aware of the road condition and improve the safety of driving.
Other researchers have been researching on the control strategies of steering stability. [7] [8] [9] [10] The basic thing is that road wheel should follow the driver's input command from the steering wheel and the possible input commands from the supervisory vehicle control systems according to the vehicle dynamics requirements with the exiting of sensors' noise and lateral wind or road disturbance. The problem of directional control and wheel synchronization was discussed by Yao. 11 A road wheel servo feedback control was developed to implement the tracking of the actual road wheel angle to the desired reference angle. Another research achieved good characteristics from steering wheel angle to lateral acceleration by studying response characteristics using a vehicle equipped College of Energy and Power Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing, PR China to measure lateral acceleration feedback. 12 Moreover, the effects due to disturbance confirmed excellent results in two studies involving vehicle deviation during rut braking (vehicle-wheel input disturbance) and vehicle pull due to crosswind during high speed driving (body input disturbance).
Besides the two aspects discussed above, the faulttolerant control is also an important problem discussed by researchers for the reason that the SBW system without mechanical joint is less reliable than the traditional type. 13, 14 The SBW system is more complicated than the traditional mechanical type, because the steering command is conveyed by signals in electrical way instead of mechanical way which means both the structure of the SBW system and the control algorithm are more complicated. Without the mechanical joint, the control algorithm of the SBW system needs to be more accurate and should have fault tolerance to a certain extent in case of some failures or deviations of the sensors or actuators which will cause the failure of the whole steering system and then result in serious traffic accident. A control method 15 of dual-motor-based SBW system was proposed to enhance the fault tolerance capability. When one actuator faults or fails, the other actuator is designed to work independently and maintain full system performance. The sensor fault-tolerant control is also brought forward to make sure the electronic control unit of SBW system can always get the correct signals to judge the vehicle's state then response timely. Paper about optimal sensor configuration and fault-tolerant estimation of vehicle states discussed observability of the vehicle states using different sensor configurations as well as fault-tolerant estimation of these states. 16 Gao and Wang proposed two highly novel observers were proposed, called Gao and Wang observers, to estimate sensor faults and actuator faults, respectively. 17 Based on this, Gao and Wang observers were utilized to form an integrated fault reconstruction and fault-tolerant control strategy for a three-shaft gas turbine engine and then modified and extended to discrete-time systems for fault reconstruction and fault-tolerant control with applications to vehicle lateral dynamic systems. The real-time property of the fault diagnosis and tolerant control is highlighted by the most recent editorial paper. [18] [19] [20] Instead of the traditional hardware redundancy, the analytic redundancy is proved to be an effective and economical way to improve the system's reliability.
In this paper, a two-way H 1 control method with a fault-tolerant module (FTM) is presented to ensure the SBW system function stably and reliably, and the models of the SBW system and the vehicle are constructed in the first part of the paper. Secondly, a control scheme is proposed to ensure the system work following the driver's input command from the steering wheel meanwhile resisting sensors' noise or road disturbance. Thirdly, a way to identify the front wheel sensor's fault, isolate fault signal and reconfigure the fault signal is come up with. Furthermore, simulations with Matlab/Simulink and CarSim software are performed. Lastly, hardware-inthe-loop experiments are conducted to validate the effectiveness of the proposed control method. Both the simulation and experimental results indicate that the control method proposed above is well functioning and could be put into the real practice.
Modeling for a steer-by-wire system Figure 1 shows the basic structure of a SBW system. The SBW system contains two DC motors: one is used as steering wheel actuator to control the hand wheel torque according to the reference command; the other is used as road wheel actuator to provide torque which makes the front wheels steer. And some necessary sensors such as motor current sensor, torque sensor, front wheel steering angle sensor, and torque sensor are also placed.
The steering torque is transferred from DC motor to the front wheels. The procedure involves a DC motor, a reducer, a steering column, an integration of rack and pinion steering gear, and two front wheels. Assuming the steering angles of two front wheels are the same, following Newton's laws of motions, the dynamic model of the subsystem formed by the above components is written as follows
where f is the front wheel steering angle; B R is the equivalent damping coefficient; J R is the equivalent moment of inertia; G is the transmission ratio of the steering system; K z is the Motor coefficient; K i is the reduction ratio; is the motor efficiency coefficient; I is the motor current; R is the self aligning torque; K 1 is the lateral stiffness of front wheel; t p , t m is the pneumatic trail and king pin inclination; is the sideslip angle of the vehicle; ! is the yaw velocity of the vehicle; V is the longitudinal speed of the vehicle; a is the distance from the centroid to the front axle; and d r is the road disturbance.
The vehicle's dynamics can be represented by a two-degree-of-freedom single model shown in Figure 2 .
The dynamics equations of vehicle can be derived as
where m is the mass of vehicle; I z is the yaw moment of inertia of the vehicle; b is the distance from centroid to rear axle; K 2 is the lateral stiffness of rear wheel. The model was validated by CarSim software. Using equations (1) to (3), the space state model can be derived as
Control scheme design
The SBW system can improve the maneuverability of the vehicle by setting the variable ratio to make the steady-state yaw rate gain a constant value. In this part, a SBW control scheme with two controllers is designed to stabilize the system and to make the output of the system precisely and rapidly follow the reference front wheel angle calculated through the variable steering ratio.
Variable steering ratio
The steering ratio 21 i s is defined as the ratio of steering wheel angle to front wheel steering angle. According to the previous research, i s is a function of velocity, which can be written as
And parameter K u is calculated by the equation
where K s is a parameter ranging 0.12-0.37 1/s.
Two-way H 1 control
In order to achieve the target illustrated above, a two-way H 1 control algorithm is introduced as follows.
22
Considering the two-way tracking problem shown in Figure 3 , C 1 is a feedforward controller improving the tracking performance of the system; C 2 is a feedback controller meeting the robust stability and disturbance rejection specifications; P is a known object to control and the output v intends to track the input r; the input u to the P is generated from r and v through controller and C 2 , respectively. The performance index of a tracking problem is mainly determined by two factors: first is the amount of information of the reference input r and the second being how to measure the tracking error.
Usually the reference input r is unknown, because in rare cases a control system is designed for only one input. Assuming r refers to a series of limited energy signals, and belongs to the set
where W is a known weighting function. Based on the description above, the tracking problem can be solved to design controller C 1 and C 2 to make v track r more closely.
The tracking error is the mostly concerned factor of a tracking problem, thus r À v k k 2 2 is taken as the target function. The value of r À v k k 2 2 is expected to be as smaller as possible, and then the input u will be infinite in some cases. To make the controller real and rational, a weighting term of control energy is added to the target function. So the target function is r À v k k
2 , and it equals to H 2 bound norm of the signal z, where
and is a positive weighting factor. Thus, the tracking problem is summarized to minimize the target function
Redesigned framework of the control system is shown in Figure 4 . Taking
According to the framework, general plant G can be derived as
And the controller can be expressed as
From the framework in Figure 4 , the closed-loop transfer function matrix from w to z is T sw (s). The H 1 bound norm of the general plant G is
Thus, to solve min z k k 2 is to find a controller K which stabilizes the general plant G and also minimizes the T z! k k 1 . According to the Nyquist stability criterion, if the Nyquist curve of the open-loop transfer function T sw (s) does not include the critical point of (À1, j 0) to any frequency !, the control system is considered to be stable, which means the condition of system stability is
Thus, to solve min z k k 2 is to find a controller K, which stabilizes the general plant G and also minimizes the T z! k k 1 , that is, min K stabilising G F zw ðG, KÞ 1 : Thus, this tracking problem can be solved by the H 1 robust control algorithm, 23 details of solving process can be found in Liu and Zhang.
By using the control algorithm illustrated above, the tracking and stabilizing problem is solved. The control procedure is designed in Figure 5 .
While steering, the signals of the steering wheel angle sw and the vehicle's velocity V are sent to the SBW ECU in Figure 1 . The reference front wheel angle Ã f can be obtained through equations (6) and (7) . The current I input in the DC motor acting as road wheel actuator is computed by Ã f and f .Then the DC motor generates desirable steering torque transfers by an integration of rack and pinion steering gear to make the front wheels steer. In this paper, the steering stability control system for steer-by-wire is modeled as an uncertain system with several inputs and outputs. The inputs are the input from the front wheel angle f , the road disturbance d r , the current disturbance n s and the reference front wheel angle Ã f .The uncertainties of system are the tire stiffness variations and the unmodeled highfrequency dynamics of the electric motor, planetary gear set, etc.
The transfer function model of control system is shown in Figure 6 .
Based on equation (5), G 0 is the nominal transfer function of I to f ; G d is the nominal transfer function of d r to f ; Á is the uncertainty of system mentioned above; W is the weighting function matrix of disturbance inputs d r . The magnitude of W must be higher than G d so that the disturbance attenuation is assured, as shown in Figure 7 . z 1 and z 2 are the evaluation outputs, which represent the evaluations of tracking performance, control energy, and robustness. They are weighted by three weighting functions and W 1 . Because the road disturbances are low-frequency signals, W 1 is chosen as a low-pass filter to achieve good tracking performance. The Bode diagram of W 1 is shown in Figure 8 . is chosen as a small number to ensure the solvability of the H 1 controller, which is 10 À5 .
The
The H 1 controller is derived by solving the following mixed sensitivity problem 
Fault-tolerant module
By analyzing the tracking and stabilizing control procedure shown in Figure 6 , the signal of the front wheel angle sensor is very significant to the system as a feedback input. The front wheel angle sensor is installed in the front wheel, which works directly in touch with the ground, so it easily gets adversely affected by the bad road condition. For the reason illustrated hereinbefore, a new method to actualize the front wheel angle fault-tolerant function is proposed in this part. The FTM consists of two aspects: the first aspect is to detect the fault of the sensor; the second aspect is to reconfigure the signal of the fault sensor.
From other requisite sensors of the car, a reference value is obtained to detect the fault of the front wheel angle sensor. Thus, the signal a y is selected as an input of equation (19) to estimate the front wheel angle. To improve the reliability, the signal ! is also selected as an input of equation (20) to estimate the front wheel angle as another reference value. To estimate the front wheel angle, the state space function can be derived as The Kalman filter is implemented here to estimate the front wheel angle. For a continuous linear time-invariant system
where x and y represent the state vector and the measurement vector, respectively; u represents the known input of the system; w and v represent the process noise and the measurement noise vectors, they are considered white noise and are described by their process covariance matrix Q ¼ Efww T g and the measurement noise covariance matrix R ¼ Efvv T g ¼ 2 respectively. At first, the continuous model is discretized
where
The process of Kalman filter 24, 25 is shown by Figure 9 . In order to restrain the divergence, a weighted factor s is set up artificially here. If the P kÀ1 increase by s, then there is
By choosing proper weighted factor s can avoid the divergence problem caused by lim k!1 " K k ¼ 0. The value of s is obtained by repeated trails to find a desired one and foremost s 4 1.
By using equation (19) , the front wheel angle can be estimated by the current and lateral acceleration; and by using equation (20) , the front wheel angle can be estimated by the current and yaw rate.
The structure of FTM is shown in Figure 10 . In this situation, f1 is the front wheel angle estimated by a y and I; f2 is the front wheel angle estimated by ! and I; Comparing f1 and f2 with f obtained by front wheel angle sensor, Á 1 is the absolute difference value between f1 and f ; Á 2 is the absolute difference value between f2 and f . The range of the front wheel angle is about 0-0.7 rad, therefore the threshold is defined as 5% of the maximum value. When Á 1 and Á 2 are beyond the threshold simultaneously, the front wheel angle sensor will be identified as failing and the signal of it will be replaced by f1 because the acceleration sensor is more reliable than yaw rate sensor at the technical level.
Therefore, the scheme of SBW stability control system with an FTM is presented in Figure 11 , and f0 represents the eventual feedback to the system.
Simulation results and analyses
To verify the control performance of the control method proposed above, simulations were conducted using Matlab/Simulink; meanwhile the CarSim software was used here to provide the reference input. The simulation data is given in Table 1 . Figure 9 . Procedure of the revised Kalman filter. Subscript k represents time step; P represents the covariance matrix; and K represents the gain vector.
Firstly, the Nyquist curve is obtained by Matlab and is shown in Figure 12 .
The Nyquist curve in Figure 12 does not include the critical point of (À1,j0) and keeps a certain distance away from it. The degree of deviation from the critical point reflects the stability of the system, which indicates the proposed control system is stabled by utilizing the two-way H 1 control.
Secondly, to verify the stability of the control system, a step signal with amplitude of 1 rad is added as reference front wheel angle to the control system as well as a H 1 control scheme with only one feedback controller by comparison. The results are shown in the Figure 13 .
It can be seen that the settling time of proposed controller is much less than the comparison controller, which is about 0.04 s, and the overshoot is also smaller, which is about 0.05 rad/s.
The Bode diagram of the proposed control system is shown in Figure 14 , which indicates that the bandwidth of proposed control is larger and the phase delay is smaller than that of H 1 control scheme with only one feedback controller and the tracking is more accurate and faster with proposed control.
Furthermore, to verify the stability of the control system, a double lane simulation is performed; meanwhile an impulse signal is also added at the fourth second as the road disturbance. The simulation results are shown in Figure 15 . Figure 15 shows that the SBW systems with the two control method mentioned above are both affected by the disturbance of the road. Figure 15(a) shows that the outputs of front wheel angles under this disturbance are both effected by the disturbance, but the controller proposed in section 3 is much more effective in resisting the disturbance for its deviation of front wheel angle, which is about 5% less than that of the comparison controller. Furthermore, the other two important states namely lateral acceleration and yaw rate are shown in Figure 15 (b) and (c), which suggest that the two control methods can resist the disturbance, but the proposed control method with a feedforward controller is more effective and recovers more quickly from the disturbance. Secondly, to verify the tracking performance of the control system, steer tests on circle and sinusoidal wave are performed. The simulation results are shown in Figure 16 .
In Figures 16(a) and 17(a) , the reference front wheel angle is obtained from CarSim software. The simulation results show that the front outputs of wheel angle follows the reference input pretty well with both control methods at different simulation conditions. To be more specific, the tracking errors shown in Figures 16(b) and 17(b) indicate that the proposed control method in this paper is more accurate in tracking the reference input than the comparison control method with only one feedback controller. At last, to verify the effectiveness of the FTM, a sinusoidal signal with an amplitude of 0.5 rad and frequency of 1 Hz is added as a reference front wheel angle to the control system in Figure 11 ; meanwhile, the signal of front wheel angle is replaced by a set of Gauss noise inputting to the In Figure 18 , the true value of the front wheel angle is obtained from the vehicle model as a comparison. The estimations of front wheel angle by a y and ! are estimation1 and estimation2, and the estimation errors are error1 and error2, respectively. It can be seen that the estimation curves are very close to the curve of true value and the maximum estimation errors are about 0.5% of the true value, which means they are accurate enough to detect the fault of front wheel angle sensor and competent for replacing the original signal.
If the front wheel angle sensor output is a series of Gauss noise, it will be replaced by the estimation value from FTM as a feedback signal. In Figure 19 , the true value of front wheel angle is precisely following the reference front wheel angle even though the feedback signal from front wheel angle sensor is a series of Gauss noise and the output of FTM is very close to the true value of the front wheel angle, which means the FTM has detected the failure of the front wheel sensor and reconfigure the signal of it as a feedback input to the control unit, proving that the control method in Figure 11 is quite effective with the SBW system.
Hardware-in-the-loop experiments
To validate the effectiveness of the two-way H 1 control method with FTM for the SBW system, a group of hardware-in-the-loop experiments are conducted. The experiment platform structure is shown in Figure 20 .
The experiment platform contains seven parts: a steering wheel module, an electric control unit, a steering execution module, a resistance simulator, a driving simulator, a host computer, and a monitor. The electric control unit obtains the signal of steering wheel angle from the steering wheel angle sensor. The driving simulator is a 29-dimensional vehicle model providing the vehicle driving states precisely. The resistance simulator provides the steering resistance to the execution module controlled by the electric unit under variable diving states. The electric control unit sends all the necessary signals to the host computer and the monitor can display them.
First, researcher manipulates the hand wheel to obtain a set of standard input data, which is shown in Figure 21 .
This set of standard input data of hand wheel angle is used in all the following experiments instead of artificial manipulation to ensure that the inputs of all the experiments are the same.
Second, to validate the effectiveness of the proposed control, a group of experiments are conducted with the same standard input. The first one is under two-way H 1 control method with no sensor failure as a reference. The second one is under traditional H 1 control method as a comparison. The last one is under two-way H 1 control method with FTM. The front wheel angle sensor is set to fail by adding a set of Gauss noise at the third second and the failure will last 5 s in the last two experiments.
The lateral acceleration of the vehicle is set as measurement output and displayed on the monitor to observe the performance of the system. The experimental results are shown in Figure 22 .
The mean and variance of the Gauss noise added to the signal of front wheel angle sensor are 0 and 0.15, respectively. Figure 22 shows that the output curve with proposed controller is extremely close to the reference output, while the output curve with comparison controller deviates from the reference output when the front wheel angle sensor fails since the third second. Through the processing of experimental data, the maximum difference value between reference output and output with proposed controller is 0.6 m/s 2 and the mean is 0.21 m/s 2 , which means the proposed control method is well functioning and has a remarkable fault-tolerant ability.
Conclusions
In this paper, a two-way H 1 control method with FTM is proposed. A control scheme with a feedback controller and a feedforward controller is designed and solved by H 1 robust control algorithm. Moreover, to improve the reliability, an FTM is added to ensure the signal of front wheel angle can be obtained as a feedback to the system all the time. A revised Kalman filter is applied in the fault-tolerant-control module to reconfigure the front wheel angle as a reference value and a substitute when the sensor fails, thus replacing hardware redundancy by software redundancy in a cost-effective way. Simulations under different conditions were performed with Matlab/Simulink and CarSim software. For comparison, a H 1 control scheme with only one feedback controller is designed. The results show that the proposed control method can guarantee the stability of the system and track the driver's input command more precisely than the comparison control method; meanwhile, the vehicle system can also function normally even when feedback signal from front wheel angle sensor is failed. At last, a group of hardware-in-the-loop experiments were conducted and the results prove that the proposed control method is quite effective and has a remarkable fault-tolerant ability. In summary, the control method proposed in this paper is well functioning and could be put into the real practice.
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